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1 ABS1”RA(:l”

in the folm] of the ink~ct plinler hca[i. Micmm~inccrcd  lluid dcvic x J)rovide one o f  [hc strongwt
examples of th~ prx[ ica]it v of M icrocnginecring concepts. tools anti techniques outside Ihc lield  of
Mia-odectronics.  ‘Illis plo@ on the Design Methodology hr Microcnginemed  l-lli{i devices kuscd on
providing genera]  app](x]ct)cs  hr the Iilnher mpl(~it  at ion oi’ Micme ngincercd  Ilui(i  (icviccs across a
broa(ier  range of applications encolnpassin: 1x)1 h chemical  microm alysis 1 ools and surgical power
uansducers. ‘fhc general’ approxil  taken  was to {ievclop  ba~c i nerf>cinS methods enabling tile
integration of individual microengineered  componmts  into compiete  fluid miuosystems incmyorating
both fluid and electronic interfaces. “Ile primazy objec[ive was thus tc demonstrate the practicality of a
modular approach to microfluidlc  systems, by incorporating a range o ! microfluidic devices in a system
integrated by means of a fluidic  backplane, in tilis  way tile project iimed to provide the initial. steps
towards standardisation of microfluidic  devices, rntefihces and integration approaches.

In addition to providing a basic intetiacin:  technoloL~  the project also invoked the design and
development of generic !luidic demonstrators. the realisation of tile  coml]onenl  pails and the illustration of
their potential by char act e]ising the resulting system pe]fonnance.

The project involved the design of fluid pumps, valve, flow sensors,  tu bines and conductn@ sensors,  in
addition to the passive ‘fluid interconnects and required the developr  nent of the associated modelling
software. In particular. the modelling required the development of a practical means of incorporating

mechanical movement within a general fluid dynamics model and tht validation of the fluid dynamics
models for the fluid motion in microchannels. The success of this design tool was illustrated in its
successfid anaIysis  of bidirectional pumping action.

Two main actuation methods, electrostatic and thermopneumatic,  wer[! successfidly demonstrated in the
pump designs with the electrostatic approach providing low power d ssipation  and fast response times “
while the lower efficiency thermopneurnatic  approach yielded a potentially more robust design. In
paralle~  flow sensors were deveIoped covering a mtide  dynamic range by utili’king cornplernenta]y  drift:
difiision (quasi-static) and (dynamic) time-of-flight approaches.

The project successfidly showed that this approach was feasible wit ~ the partners across the project
conbibuting  components to a primary (low pressure) demonstrator which included both electronic and
fluidic interfaces in the form of an electrical wiring substrate and a fltiidic  backplane respectively. In
achieving this goal a number of difficulties had to be overcome. In particular these concerned the
development of low stress joining techniques, procedures for priming o~ “the whole system and rnaximising
yield m the multi-component demonstrator assemblies. In additi~ll  to this main demonstration, a
secondary micro-turbine demonstrator was used to investigate the pottx .tial for microfluidic  power tools in
a high pressure microfluidic  system. These systems aiso successfily  demonstrated the use of a fluidic
backplane as a particular means of interconnecting fluidic  devices fi-om different sources. The potential of
this standard approach is being explored fin-ther in follow-on projects, with the aim of using such
standards as a means of speeding commercialisation and enhancing competitiveness.
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2. ‘1’IIJ! CONSORTJIJN1
<

‘Il]is pr-eject involved lhc collaboration bmveen GE C-MiIJ-LWIi  Material; ‘I’cchnology Lt d (I; MM’I’) aS CO-

cn-dinating  partner and Sicmcns.  3-T’ BV, the F’raunhofkl- Institulc ( IF’1’) ~tnd l-icriot-Watt \Jnivel-sity  (l-I W).
The primary contact points ard given below, w-idl  a cfcscript ion of [ hc palln~rs  and theil roles being

provided in the fo]]owing section.

2.1 Contact Details

GEC-Marconi  Materials Technolo~  Ltd.
Hirq Division
Elstree Way
Boreharnwood
Henfordshire,  W D 6  1  ICY
UK

Contact: Dr Neil Cade Tel: +44 181 7320290
Fax: +44 ]81 7320100
email:  neil.  cad~ @gecm. com

ST BV
PO Box 3639
NL-7500  DP. Enschede
The Netherlands

Contact: Dr Henk Leeuwis Tel: ‘ +31 531336633
Fax: +31 53’1 336869
EmaiI:  Henk:L[:eutis@t.n]

Fraunhofer  Jnstitute for Solid State Technology (IFT)
Actuators Group
Hanstrasse  27 d.
D-80686> MuniclI
G e r m a n y

Contact: Dr Ma& Richter Tel: +49 89:54759455
Fax: +49 89 j47 59100
Email:  marti@i R. fig.de  ~

)

Henot-Watt U n i v e r s i t y  ,
Department of Computrng  and Electrical Engineering
R.iccarton
E d i n b u r g h ,  E H 1 4 4 A S  ‘
UK

Contact: Prof Eric Yang Tel: +44 ] 314513342”
Fax: +44 131 451 3327
Email:  sjy(ij)cec:.hw.  ac.uk

Siemeils AG
Corp. J%-oductio]]  and Logistics
Micrornechanics  Group,. ZPL 1 TW3
D- 13623, Berlin
Germany

contact : Dr AJIIO  Steckenhorn ‘1 ‘c]: I-49 3038624671
]:ax: -I-49 3038624404

Ernail:  Amo. S~ eckelll~oi-~lti~z~  i.siemens. dc
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2.2 Descriptions of  the PiWtrlCrS

‘Ilc project  ~vas lad by (J&C- hlmxmi  MaI el-i;j!~]ccll[~ol[}~~  Ltd., a managenmnl  company for GEC-_.. _—— —
Marconi L[d (;l;C-Morconi  is a major Eumpcan  Manufi~c[uring  con] NIIY with world-wide inlercsts  in
[hc electronic. clectrica!.  printing ;]nd sensing Iichis. II is primarily a sysl cm focused company, as opposed
I 00 colmponcllt  supplier. and has identiiicci  a need ~i~r miniature. micro! lbricaled.  integmted  fluid ~stems
as ii key enabiil]p  (ethnology in a number of-existing  and polential busin( ss areas.
ln addition  10 its overall co-ordinating  role GMM’1’  had pa]licular  resp~ nsibilitics  ibT- bonding techniques,
thennofluidic  modclling  and fol- the design, ~;i brica~ion and assessnien.  of fluidic components including
act ive valves and actuators.

Siemens is among the largest European manuihcturers  of electron IC and electrical equipmem and
components. Business areas ex~end fi-orn  prover generation to medical and analytical equipment.
Involvement in the development of’ methodologies and technologies fol microi>bricated fluid devices has
had an imponant  position in corporate strategy and has ,ensured  exploits :ion of the results.
Within the project Siemens ha~:e Iaken  responsibility for e]ectllw]  mode}ling. surface wear. and
micropump desi~~. fabrication and testing.

3T BV is a small product development company (over 30 people) m the ‘area of microelectronics and
MST, working closely with T\venty Univemil]’  ON MST and particl  darly on the microfabrication  of
miniature fluidic  devices. Within the consortium it brou~lt a wide range of existing experience m the
development of microfabricated  fluid devices as commercial producls.  in addition the resources of
Twenty University were made available to the consoltiwn through, Subc( retract.
Within the project 3T took particular responsibility for the design, fi brication and testing of ancdku-y ‘
sensor devices (flow sensors and conductivity sensors) and the final demonstrator design.

The Fraunhofer  Institute for ‘Solid State Technolou (ET) is a pal tly “Government fimded research
institute providing parallel expertise to that of 3T but with a stron{ ;er emphasis on the fimdamental
aspects.
The IFT took responsibility for the establishment of etching techniques ‘within  the project with a particular
interest in silicon. etching (Bulk Micromachining) and the development of robust masking techniques. In
addition they were responsible for the pump design and fabrication m partnership with Siemens and for the
interfacing of the components developed across the consortium_

Heriot-Watt  University has expertise in mechanical testing, materials assessment and modelhng and
provided an important academic underpinning to these aspects of the project.
Heriot-Watt took responsibility for mechanical modelling  and testing tile properties of materials m order
to provide a basis for the choice of materials and fabrication teclmiques  used for the component
fabrication.

The consortium contributed across the whole spread of the project but with the final demonstrators being
centred  on GM MT and Heriot-Watt for the Microturbine  and o] IFT. 3T and Siemens for the
Microchemica]  analysis system.



3. ‘1’ECIINICA1. DI+XX1lY1’ION

‘Il]c rniniat  ulisition  0!- fluid ic systems is expected I o !tield a number ()!” lcchnicai  and economic bcneii[  S.

which in the use of- chcmicat  :lndysis SWCITK. arise liwm suhst anti filly reduced sample and reagent
consumption lhe low pmVCT-  opmm ion. Iiasible and possibly improved :xn-formancc particularly fi-om the
reduced times associated with rcduccd ~ii[lision  distances. In Ihe MSC of fluid droplet printing systems.
miniaturisation is essential in order I o achieve the plinting densities -eqllil-ed.  while in rnicro-surgeiy.
mechanical manipulation md CUII ing tools realised l~i[h mic.rofhid cm lponents  could provide compact.
safe. non-electrical solutions . .

From the viewpoint ofsystem architecture. d]c microiluid  systems requil ed fol- these tasks form a complex
an-angement of active and passive microfhlid  components (micropumps microvaives: mixers, etc.), micro
channels and various sensors for the monitoring of chemical and physiczl  parameters. Due to the complex
nature of these systems it is obvious, that the fabrication of components and &bsystems will be performed
by a number of different suppliers rather than by a single enterprise. The project therefore set out 10
address this problem targeting the basic goais:

to set up a design rnethodoiogy fol- microengineered fluid devices. I vhich could contribute as a more
general interfacing standard for this ciais ofmicroS/stems,
to apply this interfacing standard to relevant mi~rofluid componej Its (e.g. micropumps, microfluid
components and sensors), and
to build up a demonstrator system
feasibility of the whole concept.

3.1 Modelling  and Simulation

~,]lic]l  follows the above-menti  ~ned design rules and shows the

Microfluid  systems consist of a lot of different components like micro :hannels,  microvalves  and pumps
with a range of different actuation j)rinciples. Within the project, we ~ .sed conventional FEM-programs
(AN SYS-FLOTRAN  and Pheonics) for the simulation and optimisatio-1 of the micro fluid @stems  [ 1].
However, because of the small  lateral dimensions of these systems, i hese conventional tools required ‘
testing and validation.

Tile fluid flow through channels with circdar or rectangular cross-sect on can be analytically calculated.
But because of KOH-etching,  micro channels ha;e a trapemid shape :nd the flow can not therefore be
described by an analytical solution. For that reason a lot of channels with different widths and heights were
simulated with ANSYS. The results have been successful] y compare d with measurements. From the
simulation resuhs an analytical approximation could be derived which calculates the flow through
trapemid channels with a difference less than 1 ‘%0. III addition, good agreement was obtained between
the simulation results of Ansys-Flotran on Pheonics.

,-

For the simulation of microvalves, the coupling of mechanical and hidmechanical  model has to be
considered. Because of the sensitive structure of the valves, the surrounding fluid has a basic influence to
the dynamic of the system. Commercial software for Finite-Element-N!ethod  (FEM) only calculates the
dynamic of mechanics and fluidmecbanics as separate problems.

For that reason we developed a new simulation method. called fluid-: tructural-coupling  [2]. Using the
standard tools  of ANSYS an intert%ce was added wilich  allows the simu ation of mechanical motion inside
a fluid, considering fluid pwssuw and lluid fi-ict ion. ll~e new sofiware V/aS  tested with different examples
and the simulation results show an cxwlicnt agreement to measul-cments  (3].
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(Jsing  this method.. the c(mp]cd sinlll]a[  ion of. the dymaImL‘ I)cll;l\ioilI-  bf’ microvalvcs includil)g fhiid
dynamics sucxxxdcd fbr the fiwl lime ] 1 ]. ‘Ile st:Hic !loi~ late through ( ifkmnt  valve  gconwlly  ’s c[iuld.  be

‘,

simulat  cd in good n:r’ecnmnl t o Illc:IsLIIcIIlcIl[s, FuIlhct  mom 1 hc (f ynar nic behaviour.  like cifyn fi-c(]ucn~y
of the valve flap. could be calculated. .’l’hc same method  \v:ls used to sil redate a two-dimensional mo(iel  of
2 c.ornplcte nlicropurnp includi]r:  two @xk valves and arl clcwroslalic drive [3 ]. Tle JWuhs cent ribute to
tlle\uldcrstal)  cii])goi-tllec  or~]~)lex”  ~)rocesses  il]side tlle~)~ll~ll)  lvhich cant be realised  t)y Illeas\]reI]lcllIs.  ‘fhe
dynamic bchaviour of [he complete t]ll”ee-diIlleIlsiorla]  rnicrwpump was simulated b] a system of
differential iquations  which include the FEM-tesults by charac(cristic Iil es [ 1 j.

3.2 Materials for Microfluidics

Methods for theassessmcnl  oil~licroel~gi]leeling  materials ~vere  (imeloped  as a means of predicting
petiormance  and device lifetimes as well as for design puqwses. “Ile ;pecific measurements were aimed
at selected I]licroeIlgiI}eeiiTl:  materials such as silicon md electw])laled  nickel. In particular. Ihe
programme inch]ded:

● fracture &-ength measurements on silicon (and silicon-carbide coated silicon) cantilevers used in
micropumps

● Young’s modulus measurement of thin film materials {
● fiction measurements of electroplated nickel cogs
● wear assessment of nickel  cOgs

The fi-acture strength of silicon cantilevers was found to increase significantly with the presence of a thin
film carbide layer. Youn~’s modulus measurements were found to correspond well  with macroscopic
values. Friction was found to be dependent on the normal load al Ld to be very high for small test
structures. A region of enhanced friction was found below 1 rng strwture  mass, below which empirical
relations were developed to describe the fi-ictional  behaviour.  Wear ir the microcomponents  tested was
too small to meas&-e using the available techniques but was found ~:0 slightly decrease the measured
fiction of samples and the measured mass dependency. This suggeste  ~ that surbce polishing of moving
components might increase “their efficiency or that there might be : I run-iJI period for some devices
(particularly for micromotors  or microturbines).

3.3 Actuation Principles

,J
The performance of miniaturised pumping systems relies largely on the characteristics of their
micromechanica]  driving units. III order to achieve high pure] I rates and low back pressure
dependency, the micro actuator must feature high operating sp(:ed,  sufficient displacement and
produce relatively large mechanical forces.

The project considered two alternative actuation approaches, (:]ectrostatic  actuators and JI&W
actuation principles and technologies based on thermopneumatic, bubble actuators.

As the driving unit for the micropump,  the bubble actuator compri!:es  two major parts. One part is
the bubble generator unit made up of a thin film heater resistor wit 1 conductive lines and pads on a
substrate. “Ille other part is a silicon mid-membrane which forms tile liquid filled actuation chamtier
and the pump chamber respectively.

The working principle of hot]) electrostatic and tllermopneulmati; pumps i s  based  on  I]sing thg’
pressure change  in a pump chamber due to j)erior-fical  movement oj” an actuatecl. membrane. With an
increase in pressure inside  the pump c])ar]lt)cr,  the outlet flap v:llv~  k)pCn S and liquid ]eavcs the punlj)
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Chanlbc l”. WhcII [he membrane relaxes. liquid streams. due to ~’olumc  cnlargcmcnt  and mlatcd
lJ1-csslll”c[il-c}]}.  inlt~lhcpurnp chambcr~-ia  lhcinlct vfilvc.

In the cxpcrimcmls chromium silicidr  (CrSi; ) in particular lVOS used as the heating material.
Chromium silicidcs have excellent propmlies :IS heating quttcrial.  sui:h as high rcsistivity  ( I OOOp(lcm
- 5000pL2cm).  }oii, lhcrmal  degradation an~i a tcmpcr:l[urc  coef~ic  ent in the ppm/(’C-  range.  ‘1’he
sputlcwd thin lilms were free of gross nucleation sites. Anothel” asp:ct  in t mums of Opel”’atiug speed is
the IIe:it-al]str:ict irlg characteristic of the substrare. h amount  oJ thermal energy  dissipating over
the subst]-atc ailicts  the dynamic behaviour of- bubble formatim ~ and collapse. Good thermal
insulation of Ihe substrate during the heating phase and rapid tenq :erature withdrawal between the
pulses  (cooling p]]iise)  is required. An insulating oxide layer (3 pn ) on a silicon substrate of good
thermal condu ciilit y I;leets these requirements.

Actuatom wi(h difl%-reni membranes ( standard  silicon. silicon Nitride, electroplated nicke] and
po]yimide)  were model]ed,  fabricated and tested, with both (1] wmopneurnatic  and dual-phase
actuation in order to investigate the possibilities ~-or application in :~)umps.  With respect to pressure
build-up dual-phase actuation “seemed to be promising. However;  tht: power consumption is high and
practical problems can be expected. Therrnopneumatic  actuation i I combination with a polyimide
membrane was a particularly good choice, because of the relati~’ely  large pump strokes, which
reduces the problems with air bubbles and priming of the pump. This was confirmed in experiments
with fabricated pumps.

3.4 M icrofluid Devices

For the rnicrofluid  demonstrator various microfluid  devices were deve .oped and fabricated according to
the predefine interfacing standard; besides various ancillaly dev .ces (e.g. fluid connectors) the
development targets ofthis work basically comprised:

●

I

●

●

an electrostatically actuated micro diaphragm pump developed at t he ET: this micropump  basically
consists of four silicon chips with outer dimensions of 7 x 7 mm2, }vhich are mounted as a stack and
form an electrostatic actuation unit and a flap valve unit. Pumping o ?eration  is achieved by applying a
square wave sieaal to the electrostatic actuator, which causes an ahemate  electrostatic attraction and
mechanical relaxation of the flexible pump diaphra~  which forms t ne electrode of the actuator. With
a stroke volume of about 30 nl the actual design delivers a pymp rate up to 1 ml/min.  At a suppIy
voltage of 200 V the micropump  can generate a maximum counter pressures of 300 hPa at operation
fi-equencies  ranging from less than 1 Hz up to several kl-lz.

a micro diaphragm pump with a chip size of about 5 x 5 mm2 de~ eloped by Siemens, which uses a
bubble actuation unit: the bubble actuation principle exploits the phase change transition in a liquid-
filled cavity (actuation chamber) to exert hydrostatic pres~e to a thn  silicon membrane. Due to cyclic
evaporation the silicon pump diaphragm is deflected and displaces the liquid inside the pump chamber.
To achieve a sufficient membrane stroke and a high operating q)eed,  the electrical drive and the
appropriate therrnaL  design of the actuator is very important. For th-s actuator the volume stroke was
found to be larger than 30 n]. Because of the short response t i me, the bubble actuator can be operated
with fi-equencies  up to I kl-lz.

a micromtichanical flow sensor as a joint elfort of’ the MESA research institute at the [Jniversit  y of
‘rwentc (design) and 3’1’ (fabrication and demonstrator imegration):  this sensor chip nmasurcs  5 x 10
mm2 and cent a ills a ilow channel that is brklgctf by thin ,wcmbra~]es  containing electrical rcsislors.
‘Ihrcc adjaccn[  rc.sis(or bridges are needed in this application with tht ~ middle resistor bridge bcil~g  used
as a IIcatcr, wlli]e the outer Iwo scme as upstream and downstream Ienlpcraturc scllsol-s ‘1’wo kil~ds

,
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●

of nlicromachincd’ flow scnso]s were invest  igat  ccl. “1’hc  more wcl, knowm IIlcnnal anemomct  er anti
a t ime-ol~flight senso[-. ‘I-he lil-st onc is appmpl-iat c f-ol- genual  [low)  flow  and ex~renlc  dyniimi~
nwasurcmcnts.  because of the Io\v thermal capacity. l-lowevm. t h e  [iesign  has to be carcfillly
chosen  regarding robustness and flow range. “l-IIC tinm-of:fli:  1[ sensol-  is very appropriate in
specific applications. When dvnamic pro pert ics and mngcs  arc i efinmi. a proper designed sensol-
mcasures  in a broad range of’ flows under ihc c(}ndition that the Ii-equenu-y  of [he flow fluctuations
is an order lo~ver than the measurement fi”cqucncy.  Beside the flo~v measurement a combination of
both principles makes it possible to determine the composition olmixture  of two compounds.

a micromechanical  conductivity sensor. developed by 3’1”. which uscs the. same georneuic  design as the
flow sensor: instead of resistor-s,  the sensor employs a nUmbCI- of ~)latinum  electrodes integrated into
the bridging membranes.

a silicon backplane in joint effort of IJT1 (design) and Siemens (fi bricat ion ): this backplane contains
anisotropica]ly etched flow channels to connect all microfluid devices. The microchannels  are sealed
with a Pyrex cover by anodic  bonding  in the backplane design ~ he micropumps were placed as a
compact unit surrounded by some spare place to allow the int egrati(  m of an electrically shielding cover
if required.

valves to control and switch flow were deve]oped.  These consisted of passive check va]ves fabricated
in silicon by JFT and active electrofoniled nickel  valves developed b ~ GMMT where the switching was
achieved using thermopneumatic actuators.

fluid turbines were designed by Heriot-Watt University and fabricated by GMMT using an
electroplating process ‘on a variety of substrates including metal (Aluminium)  and glass. The
electroplating process provided the fluid channels and the use of a =,crificial  layer beneath the platrng
allowed the moving rotors to be released fi-om the substrates.

3.5 Demonstrators

Demonstrators were designed and fabricated to show clearly th~: possibilities of a micro fluidic
system consisting’ of device components in a modular set-up IS a practical approach to the”
development, fabtiation and evaluation of fictional prototype: i. It should be noted that for
commercial products the integration and interfacing techniques will need to be developed fiu-ther.  In
particular, great attention will need to be paid to the attachment of c omponents on the backplane and
the fabrication of the backplane it seIf” The backplane used in the dt monstrator  consisted of a silicon
wafer and a Pyrex wafer and would probably be too expensive for h gher ‘volume applications.

Interfacing Standards for Microengineered  Fluid Devices

Within this modular approach the prima]y  consideration was the [}arly definition of the interfacing
approach and the required device compatibilities. ‘Ile following releval  lt topics for an interfacing standard
were identified and addressed:”

●

●

●

●

●

●

the lateral dimensions of the individual devices
the position of the fluid ports on the individual devices
the elect~ical  connections of the devices
mounting technologies for d]c individual devices m the backplane.
the priming of the systcm,
pmlicle  control.  and
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● tllc cmmeclion to the outside \\(>Jld.

l:O]]OWhg dlIS h, s(~lldal-(k  :1111~  dCSl~ll  Illh WOT WI Ivllflill t IIc ])r”~).i[:cl  ~~~TISoIliLlm :111(I ap[)li~d ii~l” Illc

walisation of sil icon Illic[-{}illilcllille[l  nlicmhid  conlpo]lcllts ;I))(l. ii )al]v. :] ,micmfluid demonslt :110-.
Ahhough  this may not be no[ apparent on tbc fiw si$n. tbc pi(~l)lcn]  ~~1 inlcrilcing  micmfluid  conqwnen~s
tumcd  oul to be a complex endr:n  OUT-. lvhich  is not only inllllmccd h> Icclmical  requirements but also by
economic implications. “1’0 gi~c &] ly one cxarnplc:  concenlins t 11 c LI1 Cl ~1 I dimensions of silicon miwofhlid
devices. a common chip size for o specific group of devices \vould bc ~1 tc “simplest” way and substantially
ease interfacing and exchange abilit~’.  At the current state of tbe arl. ; ~owever,  this is econornical]v  and
tccbnically  not feasible in nvtnv cases. The chip sizes of’ a lwad~ existing microfluid  devices wuy
considerably (e.g. between 5 s 5 mmz

.
and 22 x 22 mm” fi]l- mic]-opu -rips). Making a micro fluid device

UlllleCeSSa N ]arge to adhere to a predefine standard wi]l inci-ca sc : he fiibrication  costs dramatically.
Ilerefore, in this situation it is only usefid  to appl> a standardised yri( to all relevant ditnensions,  which
means. that the chip sizes and the placement of fluid pons  cou Id he pci Itimled. for instance. in a multiple
of 500 pm.

3.5.1 Case Study: A Microanalyser  for Conductivity\ Measurc!nents

[ calibration I

[ ‘\ I ._:
PU micro Pv ~optional)
pLJ mps F S :  flow cS: cond.  CV:  Passtve

check valves sensors sensors check valves
with pretension

Figure 1. Schematic diagram of the chemical analysis
microfluidic svstem demonstrator.

an optional sensor calibration (PU 3), re+ectively.
the corresponding flow sensors. At the end of an
analysis, the sample is transported to a waste
reservoir through a separate microchanne~  which
is opened by applying hydrostatic overpressure to
the passive check vaIves (CV) mounted at the
sample and waste port. To avoid unwanted
parasitic leakages through the unoperated
micropumps,  passive check valves (PV) with a
defined opening threshold pressure were
developed by the IFT to be mounted between the
micropurnps and the flow sensors.

For the electrical connection of the flow and
conductivity sensors a ceramic substrate tith
screen-printed conducton and bonding pads was

l;i~.  1 s lows a schematic diagram of the
micmflu d system demonstrator, which
was designed as a chemical analysis
system. Jlle system contajns three pumps,
th]-ee corresponding flow sensors to
control the individual pump rates, two
conductivity sensors and two passive
check w lves.

During : ,nalysis  the individual micropurnps
pelform the sample uptake (PU I), a
defined :Ieaning  of the system (PU 2) and

The flow rate of tht individual pqnps  is controlled via

Fi:llr~ 2. Tht; wsembled  demonstrator system.

fabricated by d]e lFT. The system was assembled by gluing tbe cerarni~  substralc and the sensors onto the
backplane. ‘IIIc sensors WCI-; electrically connect cd to the ccra mic. subst lat c by st i]l](l:id wire bonding. l:(~r
all excJmlgeablc  parts and all external fluid connections appml)riat c pllsh-ol] Ihlid UmIICClOI-S  wuc

!

dcvefopcd.  Fig. 2 S}1OWS the assembled demons[mtor.
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Measurement Results

Meanwhile. initial conduct ivit v mcasurmncnts  have been carrkd out II) .denmnslrate  the cmerat  ion oft he
micro fluid svsteln.  l:ig. 3 shows the resuh of
a typid  measurement. which complises  of- a
sampling step. a shoI~ phase with stopped
flow and a cleaning step belbte  ihe next cycle
is initiated. As the sample gets into contact
with the conductivity sensor a corresponding
decrease of the sensor signal” occurs, which

~
reaches its extreme value at the end of the
sampling phase. DuIing the cleaning step,
where the sensor signal returns to its baseline

I
level, dispersion of the liquid cm be observed
as well as a parasitic peak generated by the
sharp turnover’ f r o m  micropump  2  to
micropump  1 at the beginning of the liex~
sample cycle.

I

~ 3.5.2 Case Study: Microfuidic Turbine

~ 0,5 Lk.b
v o 500 1000 1500 2000 2500

Time [s] ~

‘i:u l-e 3. T~pic;ll  conductivity measurement
cycles on a range of sample solutions,
inters j)ersed with cleaning phases.

An ancillary fluid system based on demonstrating a microturbine  actuator was developed in the final phase
of the project and was used to demonstrate the potential for high pr xsure microfluid “power” devices,
with a possible application in micro surgery.. Liquid flow investigation! 1s were cariied  out in electroplated
microchannels  63 and 27ptn  deep at higher supply pressures than for the main demonstrator.
Macroscopic models were found to adequately describe the be~aviour ~f liquids at this scale.  A test mask
was also designed to investigate the fictional desiem features of the microturbines. From these design
results and the empirical micromechanical  properties, design rules for microactuators were accumulated.
A final design was proposed as part of an auxlia~  demonstrator system comprising a microturbine
actuator, a UV-LIGA backplane and provision for an active valve as C( ‘ntrolling  mechanism.

]

The demonstrator was dynamically tested using a viscous braking tech ~ique. The results showed that the—
units produced maximum torques in the region of 1.2 micro Newton m etres under 0.75 bar nitrogen drive.
The devices were found to be very sensitive to loading with small sllafi  loads causing large changes in

rotor speed. The dynamic results for’ the turbine suggested thal significant improvement in load
characteristics could be attained for devices with higher aspect ratios i i.e. taller stmctures).  ln summary,
the programme has shown that there is significant potential for this typ(: of fluid micro.systern  with some of
the first dynamic tests on fluid actuators.
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Within this projcc[ it has Imm sl]mvn. d]a[ il is possibk  to in[egra[e diflimmt  microiluid dcvities  fabricated
by valious  hropcan  suppliers to hm a complex nlicrohid  system. ‘1 0 solve the problcm of interfacing,
a p]-oposa]  b an intcrii]cing  standard of microfludic  devices was set :md applied for dle realisation oi’ a
working demonstrator sw.stcm.  Due to the large valiety of tcchno]og es applied fo]- micmfluid systems

today, the aspect of. stanclardimtim  has ttmed out to be ~ quite compl :x task already wid]in this project.
It is evident, that a more ~videspwd  wmdardisation  is nol achievable within a shon time, nevenheless  this
topic should to be fimher addressed to optimise ~he benefit obtainal  ~le from the widespread on-going
research in the field of microiluidic systems. Such standard intelfacts  will both speed the commercial
evaluation of this promising t ecbnology and pro~ide  a strong compe!  itive advantage in the subsequent
exploitation.

-.

I



4. E.N1’1.,01’I’4’I”ION”  PLAN

l:iI  <1 Iy. I!]c [I CIIIOIIS(I-;)l(}I-  dcviucs andExploit  ali{m {~t- the results of’ [his pmgmmmc is Ialiins  two fi}l-nls.
the dcvelollc{l  micmfhlidics nledlodologics  arc thclllsclvm lwiny L ii-ccl l] cxploilcd. %xondly.  the
Unclerly-ng tcclmiques  and fhbtication  look arc being  cx~loitcd  in par~Ilicl IIlicl-(lfill)lic:ltit}ll  applications.
Ile pro jec t  invohcd  a pIinlary  d]cmi~iil ana I>Isis demonst  rat or an[ a  sccondaI]’ h i g h  s~eed tUI-binC

ciernonstrat  or. While the latter requires lilrtber development befbrc I crmld he exploited. the p]imary
demonstrator k being directly marketed as a technology demon~ram-.

4.1 Miniaturised Chenlical’Analvsis  Svstem

Although some funher development of the chemical analysis dcmonstr ILor sy~em will be required before
it is qualified as an analytic tool, the basic system is sufficiently matu e to be marketed as a technology
demonstrator. Mzrketing of the micropump components by the l:ra~ .nhofel  Institute (1 FT) has already
started on the basis of an evaluation kit containing a number of micro Dumps,  a d]iving electronics and a
training course. Ilis has been sold to vanious interested companies an{ institutes in Europe and the USA.

in addition, the basic chemical analysis concept is being fiuther  markett d and ‘customer tested’ m the form
of a miniaturised HPCE chemical analysis system for a space application. This fu~ber,  close to market
development is to be undertaken with support from ESA in a collabo] ation involting  3T and Dutch  and
Swiss Qartners.

4.2 Microturbine

The results from the auxiliary demonstrator design have shown that n ticrofluid  devices could be used as
mechanical actuation units. Such units have sieaificant  application potential in many areas including
rnicrosurgical  tools and microactuation  control of miniature robotic units. These devices will  require
significant fi.uther development before exploitation.

The exploitation route for this aspect of the technology therefore req~ ties fhrther development” m which
the key areas of fiction reduction on the microscale, and improving tl Ie dynamic load characteristics are
addressed. This further, research and developrne~t  by Heriot Watt 1 “]~iversity  will focus on identifying

~ both manufacturing and end user partners for integrated development. programmed, with support being
sought from nationaI and European programmed and from partners ther nselves.

4.3 Microfluidics Expertise

Future exploita~ion  of the microfluidics expeltise W-l] invobe a wide range of application areas. In
.pat-titular, this will involve the application of deep etching techuo  logy (by 3T) and electroforming
technology (by GEC) for inkjet nozzles. These parallel nozzle devel ~pments  are being pursued within
commercially-funded projects for relatively low-risk development of inkjet printing systems.

GEC is now also taking a lead role within the ESPRIT (l;ramm~ork four) EIJROPRACTICE  project.
This collaborative programme aims to encourage th~ take-up Of tccl  IIIO~O~Y development  nlore Wi(iely
across Europe by supporting the setting up of a network of-I~lall~lfac’:ulillg  capabilities with the area of
Microsystems in particular. “Ille fluidics expertise developed in this project  will be made available to
European in(luslry  through this EUROPRAC’I’ICE  project.

Publications by the non-inclustl-ial  partners \vi]l also be USCCI to provide wide-spread inlhrmation

conccming  the stale-  oiWe-art achicvcd and the advantages of’the ncw tccllllolopy.
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4.4 Spin-off Exploitation

‘JW lccbniques  and skills developed within lhc llTitc-l{umIn  I)It}gI-an  IIIC aw being uliliscd  in a ]-ange 01’
{>1 IICI deVClOpnl~nt  pl-ogmmnles  within al] the }~ail,nu  t~r:~a]] isa[  Ioi};. 1]1 addilibn  tO Lhe biiSiC lllllk
Micmmachining  find llx~roiorming  fhblication  lwhniqucs  lvhicll  \\ill  be esploi[ed in a  valiety of new
microsystem  developments. some of dle sfmclures and conq~oncn  Is aw also exploitable in non-fluidic
applicat ions.  III particular, both Siemens and (;1;(  will bc cxpl  )iling Lhc membrane technologies
devcloi)ed in this programme, in Microre]ays and in thern]a 1 isola ion bridges for Thelrnal  1 maging
Devices respectively

ll~e Silicon Carbide process developed within the framework of this p mjecx is meanwhile used at the IFT
as a standard process for micromechanicaf  silicon stmcturing. Rele:lses of publications concerning the
subject are already in progress.

4.s Standardisation

III addition to the specific device exploitation opportunities identifie~  I within the project, the successti
demonstration of the modular approach to fluidic system integration PI ovides a particular advantage m the
exploitation of microfltidic  systems in general. The use of a standard fluidic intetiace  approach, common
to a range of dfierent  devices, will enable complete systems to be de~ eloped by the parallel activities of a
number of different mantiacturers.  h) addition, the early identificati  m of a practical rnterface standard
provides such first technology developers with a distinct competitive a{ Ivant age over rival approaches.

For these benefits to be realised it js necess-my  to obtain recognition of such standards. At the end of the
project, two specific routes to obtaining this recognition were being :xTlored. Fustly, within the Esprit
‘Europraetice’  project (21101), rnicrosystems standards and standardisation requirements are being
identified and recognition of the importance of such standards is being sought from sttidards bodies ( for
example, LEC). Secondly, within the ‘Modular Microanalysis Syste~ ns’ (MAS), Brite Euram Thematic
Network (BRPR-ct96-00  10), standardisation is being pursued as one )f the four working group activities
of this project. This working group is being co-ordinated  by Dr R Zc ngerle,  a primary participant in this
project, who is currently with the Hahn-Schikard-Institute  (IM~T).

,)

--
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5. . Col.,l.}\lloRA’II(  lN” SOUG  }1’1’

Hcriot-Watt  University is cunently  seeking pallne[-s  10 help devel ~p micro-actuators for medical
applications, including modifications of the auxiliary demonstrator tu-bine  developed in dle project.
In this case the key arens fol- improvement which have been outlined an: those of reduction of fiction on
[he rnicroscale  and improving the dynamic load chaJ-act mist ics of the I I-ototype systems. Additionally,
HWU is interested in fullhel applications of (I1c generic area invtstigatcd  in the project and in
developing this into micro-chemical engineering.

Heriot-Watt  is also interested in developing the mole generic aspects of the technology fi-om this
project. In fluid handling systems there is considerable interest in t“le capacity of Microsystems for
chemical and biochemical process intensification and work is goin; : on at Heriot-Watt in artificial
organ manufacture using Microsystems. Discussions are also in progress with chemicals
manufacturers who are interested in chemical process ll~illiatul-isati>ll.  Nationally fimded work has
also recently commenced in heat exchangers incorporating micro-cl]  mnels. On a more general scale,
it is believed that the project methodology (of rnodulalisation  of n Microsystems using a component
and channel approach) can be used in other areas. such as micro-c ptics and partners are currently
being sought to develop this.

I
Future research and development will  focus on identifying both manufacturing and end user partners for
integrated development programmed, with support beil~g sought from n ~tional  and European programmed
or from partners themselves.

$
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7. KEY\vORDs

Microfluidics
‘Ilennopneumatic  a c t u a t o r s
Micropumps
Microlurbines
‘];]ec~]-(~q;itic  actuators
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